The muscle creatine kinase (MCK) gene is transcriptionally activated during striated muscle differentiation and is expressed at high levels in adult heart and skeletal muscles (11, 39) . Previous cell culture analyses of MCK gene regulation have implicated both a 5Ј muscle-specific enhancer (bp Ϫ1256 to Ϫ1050) and the adjacent 1-kb region of DNA (bp Ϫ1049 to ϩ7) as playing important roles in expression of the MCK gene in skeletal and cardiac muscle (24, 29, 63) . The MCK enhancer contains a number of conserved DNA motifs, which are also found in the regulatory regions of many other muscle-specific genes (reviewed in references 12, 22, and 49) . These motifs bind trans-acting factors in vitro and are critical control elements in cultured muscle cells (2, 3, 8, 9, 24) . The MCK enhancer sites include E boxes, which contain the core consensus binding sequence CANNTG for the myogenic basic helix-loop-helix (bHLH) proteins (MyoD, Myf-5, myogenin, and MRF-4) (for reviews, see references 17, 22, 49, and 72); a CArG element, containing the consensus serum response factor-binding sequence CC(A/T) 6 GG (68); and an AT-rich site, which has been shown in gel shift assays to bind ubiquitously expressed factors (1, 15a, 25) , as well as MHox and MEF-2 (14) . The 1-kb region of DNA between the enhancer and the basal promoter exhibits low-level activity in cultured skeletal myocytes and cardiomyocytes (2) .
Mutation of each of the MCK enhancer sites results in altered expression of MCK constructs in cultured muscle cells but to different extents in skeletal myocytes and cardiomyocytes (2) . E boxes are generally thought to be more important regulatory elements in skeletal muscle, where the myogenic bHLH factors are expressed, than in cardiac muscle, where these factors are not found. Mutation of the right E box (also called the MEF1 site) in the MCK enhancer has a more deleterious effect in cultured skeletal muscle cells than in primary rat cardiomyocytes. In contrast, CArG elements are critical for the regulation of a number of genes in cardiac muscle (12, 41, 52) , as well as skeletal muscle (38, 43, 46, 71) . Mutation of the MCK enhancer CArG site has a greater effect in cultured cardiomyocytes than in cultured skeletal myocytes. Another element, the AT-rich site in the MCK enhancer, seems to be important for transcription in both striated muscle types.
An initial study of MCK gene regulation in transgenic mice confirmed the importance of the 206-bp enhancer in striated muscle expression (30) . Results from this earlier transgenic study also suggested that MCK sequences between the enhancer and the basal promoter were active in skeletal muscle but inactive in cardiac muscle. Combination of the enhancer and this 1-kb region appeared to confer no greater activity in either muscle type than did the enhancer alone. However, these conclusions were tentative because of the broad range of transgene activity observed in different lines of transgenic mice, presumably as a result of different sites of transgene integration (51) , and the relatively small number of transgenic animals assayed.
The current study undertakes a further analysis of the regulatory role of the MCK enhancer and the 1-kb region of DNA between the enhancer and the basal promoter in transgenic muscle. The 1-kb region appears to play a more important role in regulation of the MCK gene than was suspected from cell culture analyses. We also examined the activity in adult skeletal and cardiac muscle of several MCK enhancer control elements which are binding sites for trans-acting factors. In contrast to their activity in cultured muscle cells, the CArG and the background cpm in the CAT assay are indicated as Ͻ0.2 U/mg of protein in Table 1 .
Statistical analysis. Statistical comparisons between transgenic data sets were performed by the Wilcoxon rank sum test (55) . This procedure is the nonparametric analog of the t test for two independent samples, which is appropriate for analysis of data sets in which large variances prohibit a useful comparison of mean values. The test is based on the rank value of each observation within two data sets rather than the actual value. The sum of ranks for one of the data sets is compared with a table of critical values (55) , which is based on the number of observations in each data set; this table specifies a P value for the null hypothesis that the data sets being compared are from the same distribution. A P value less than 0.05 was used as a criterion to reject the null hypothesis. In cases in which CAT activities below background levels (Ͻ0.2 U/mg of protein) made up more than 25% of the data being compared, the 2 and Fisher exact tests (55) were used to compare the number of mice expressing the transgene with the number of nonexpressing mice. P values for statistical comparisons are indicated in the figures or text; except where noted, P values were based on the Wilcoxon rank sum test.
RESULTS
Muscle-specific expression of MCK-CAT transgenes. Transgenic mice carrying wild-type or mutated 5Ј-flanking regions of the mouse MCK gene were generated by using the nine MCK-CAT fusion genes illustrated in Fig. 1A . Individual founder mice, or multiple mice from transgenic lines, were analyzed for transgene activity (reported as microunits of CAT activity per milligram of protein) in thigh skeletal muscle, cardiac muscle, and nonmuscle tissues (liver data reported). Data for each of the 69 transgenic mice or lines are organized in order of decreasing CAT activity in skeletal muscle for each transgene (Table 1) .
Nine founder animals carrying the wild-type 1256MCK-CAT transgene exhibited high-level CAT activity in skeletal and cardiac muscle but extremely low activity in liver or other nonmuscle tissues (Table 1) . We observed a broad range of transgene activity (Ͼ100-fold) for different founder mice and different transgenic lines, which is thought to result from genomic effects at the sites of transgene integration (27, 51) . No correlation between transgene copy number and CAT activity levels was observed. Because of the large range of transgene activity from mouse to mouse, we compared the activities of different transgenes by the Wilcoxon rank sum test. This statistical test utilizes data from all the animals rather than relying on the mean activity value for each data set. Additionally, relatively large numbers of different mouse lines or founder animals were analyzed for each transgene so that line-to-line variations in transgene activity would be less likely to affect data analysis. As a result of this analysis, several comparisons in this study clarify the activity of MCK regulatory regions which were examined in our earlier transgenic study (30) .
MCK sequences in the 1-kb region between the enhancer and basal promoter act in concert with the 206-bp enhancer to produce high-level muscle-specific expression. In our previous transgenic-mouse study, comparison of activities of the 1256MCK-CAT transgene and a transgene in which the 206-bp MCK enhancer was linked to a basal promoter (enh117MCK-CAT or enh80MCK-CAT) (Fig. 1A) suggested that the two fusion genes had about the same level of activity in both skeletal and cardiac muscle (30) . However, a significant difference between their activities became apparent when more independently generated mice carrying these two transgenes were analyzed (Fig. 2) . The activity of the enhancer linked directly to the basal promoter was significantly lower and has a greater variance than that of 1256MCK-CAT in thigh skeletal muscle (P ϭ 0.002) and in cardiac muscle (P ϭ 0.02). These data suggest that sequences in the 1-kb MCK region between the enhancer and the basal promoter are important for high-level 2), with the following names: the right E-box mutation is MEF1 mut1, the CArG mutation is CArG mut 1, the AT-rich mutation is A/T mut 2, and the left E-box mutation used in 1256[3E mut]MCK-CAT is the same as Left mut 1.
VOL. 16, 1996 REGULATION OF MCK IN TRANSGENIC MICE 1651 MCK sequences between bp ؊1020 and ؊118 confer skeletal muscle-specific but not cardiac muscle-specific expression. The results described in the previous section concur with those from transient transfections of the same MCK gene regions in cardiomyocytes (2); however, the results obtained with transgenic mice differ from those in studies of cultured skeletal muscle cells, in which the 1 kb of DNA between the enhancer and basal promoter was found to be nonessential for enhancer activity (2, 29) . To directly test this regulatory region, we generated mice with a 1020MCK-CAT transgene (Fig. 1A) .
Mice carrying the 1020MCK-CAT transgene exhibited substantial CAT activity in skeletal muscle but at a significantly lower level than that of mice carrying the 1256MCK-CAT transgene (P Ͻ 0.01) ( Fig. 2A ; Table 1 ). The activity of 1020MCK-CAT in skeletal muscle appeared to be similar to that of transgenes in which the enhancer is linked directly to the basal promoter (P Ͼ 0.10) ( Fig. 2A) . In cardiac muscle, however, 1020MCK-CAT was inactive (Fig. 2B) . The five animals carrying a transgene consisting of only the TATA box-containing promoter region (117MCK-CAT) exhibited no CAT activity in any tissue type examined (Table 1 ; Fig. 2 ). These results suggest that MCK sequences between bp Ϫ1020 and Ϫ117 contain skeletal muscle-specific elements. These data are in agreement with the earlier transgenic analysis (30) in which a transgene containing MCK sequences from bp Ϫ723 to ϩ7 exhibited activity similar to that of the 1020MCK-CAT transgene reported here. The combined data from the 1256MCK-CAT, 1020MCK-CAT, and enh117MCK-CAT/enh80MCK-CAT transgenes indicate that interaction(s) between the enhancer and 1-kb region results in at least 10-fold-higher transcriptional activity than the sum of their individual activities in either striated muscle type.
The MCK enhancer CArG and right E box sites are not critical for transgene expression in skeletal and cardiac muscle. A number of individual elements within the MCK enhancer (such as E-box and CArG sites) are found in the control regions of many muscle-specific genes and appear to be important for transcriptional activity of the MCK gene in transiently transfected skeletal myocytes and primary cardiomyocytes (2, 3, 9) . To examine the role of these elements in regulating the MCK gene in vivo, we analyzed the activities of 1256MCK-CAT transgenes harboring individual mutations in the enhancer CArG or right E box (Fig. 1) . In contrast to their activities in cell culture analysis, mutation of either site did not dramatically reduce expression of the transgenes. Both the mutated 1256MCK-CAT transgenes exhibited activity levels in thigh skeletal muscle and in heart muscle which were statistically indistinguishable from that of the wild-type transgene (P Ͼ 0.10 for all comparisons) ( Fig. 3 ; Table 1 ). The range of transgene activities exhibited by different founder animals carrying wild-type or mutated transgenes may have obscured small differences in transcriptional activity; however, these specific mutations did not dramatically alter transgene expression.
To determine whether the right E-box mutation might be more deleterious in the absence of cooperative transcriptional activity provided by the 1-kb upstream regulatory region, we examined the same mutation in the context of the enh117MCK-CAT and enh80MCK-CAT transgenes (Fig. 1A ). This seemed a reasonable possibility because in cultured skeletal muscle cells, the effect of mutating the right E-box site is even larger in the context of the enhancer linked to the basal promoter (100-fold) than in the context of the 1256MCK-CAT construct (33-fold) (2). However, in transgenic mice, the activity of the wild-type and right E-box-mutated transgenes in which the enhancer was linked directly to the basal promoter was statistically identical in both thigh skeletal muscle and heart muscle (P Ͼ 0.20 for both comparisons) ( Fig. 3 ; Table 1 ). Mutation of the right E-box site, which is a critical control element for high-level expression in skeletal muscle cultures, thus has no effect on steady-state expression of the transgene in thigh skeletal muscle. c One unit of CAT activity is the amount sufficient to acetylate 1 mol of chloramphenicol per min at 37ЊC. Data for three transgenic lines carrying the 1256MCK-CAT transgene and eight lines carrying the enh117MCK-CAT transgene which were previously published (30) are not shown here but are presented in Fig.  2 to 4, with distinguishing markers as indicated in the figure legends.
d Activities lower than 1 U/mg are consider below background. e For activities in which standard deviations are reported, at least three animals were assayed for each line of mice. All other values are from founder mice. f Mean CAT activities for these mice were equal to the standard deviations. g NS, data which are reported elsewhere (60).
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Simultaneous mutation of three conserved MCK E-box sites has no apparent effect on skeletal muscle expression of a 1256MCK-CAT transgene. The MCK enhancer contains two adjacent control elements containing the CANNTG consensus sequence, called the left and right E boxes. It was therefore conceivable that any effect of mutating the right E box was compensated by the presence of the left E box. In addition to the enhancer E boxes, a third E box at nt Ϫ249 is conserved in MCK 5Ј sequences from mice (28), rats (24) , rabbits (78) , and humans (67); therefore, it was possible that the E box at nt Ϫ249 also compensated for the right E-box mutation. This hypothesis was examined by construction of a MCK-CAT fusion gene containing simultaneous mutations in all three conserved E boxes (1256[3E mut]MCK-CAT [Fig. 1A] ). This construct had virtually no activity when tested in MM14 skeletal muscle cultures (data not shown). Surprisingly, mutation of all three conserved E-box sites did not affect expression of the transgene in thigh skeletal muscle of transgenic mice (P Ͼ 0.10) (Fig. 3A; Table 1 ). Of 8 founder animals, 6 exhibited CAT activity at the same level as the 12 wild-type 1256MCK-CAT mice, and all the 1256[3E mut]MCK-CAT mice exhibited significant levels of CAT expression in thigh skeletal muscle. Thus, in contrast to its behavior in cultured skeletal muscle cells, steady-state activity of the MCK enhancer in adult skeletal muscle is not dependent on these bHLH factor-binding sites. Interestingly the transgene containing three E-box mutations was largely inactive in heart muscle (reference 61 and data not shown).
Mutation of the MCK enhancer AT-rich site reduces transgene activity in skeletal muscle but not in cardiac muscle. As the right E box and CArG element were not critical for MCK enhancer activity in adult skeletal muscle, we examined whether the AT-rich site was required. In transiently transfected muscle cultures, mutation of the MCK enhancer AT-rich element produces a significant loss of transcriptional activity in both skeletal myocytes and cardiomyocytes (2) . Transgenic analysis of the same AT-rich site mutation in the 1256MCK-CAT context (Fig. 1A) showed a significant loss of transcriptional activity in thigh skeletal muscle (P Ͻ 0.01) in comparison with the wild-type 1256MCK-CAT transgene (Fig. 4A) . How- (30) . These values were adjusted down 10-fold to correct for a mathematical error that was included in all previously published values (30) . Activities are reported in microunits of CAT per milligram of protein (note that the abscissa is in log units). enh117/80MCK-CAT denotes the enh117MCK-CAT and enh80MCK-CAT transgenes. Statistical comparison of activity of each transgene with that of 1256MCK-CAT gave the following P values: P ϭ 0.002 for enh117/80MCK-CAT in skeletal muscle, P ϭ 0.02 for enh117/80MCK-CAT in cardiac muscle, and P Ͻ 0.01 for 1020MCK-CAT in both muscle types. Comparison of the activity of 1020MCK-CAT and 117MCK-CAT in skeletal muscle yields P Ͻ 0.01. ever, mutation of the MCK enhancer AT-rich site did not result in a dramatic effect on transgene expression in cardiac muscle (Fig. 4B) . Although several of the mice carrying the wild-type transgene exhibited higher CAT activity than did any of the mice carrying the AT-rich site-mutated transgene, statistical analysis of the data indicated that cardiac expression of the two transgenes was indistinguishable (P Ͼ 0.10). The ATrich mutated transgene retains skeletal muscle-specific expression (Table 1) ; however, this tissue specificity could be due to activity of sequences outside the enhancer because the activity of the AT-rich mutated transgene was at the same level as that of the 1020MCK-CAT transgene (P Ͼ 0.10), which lacks the entire enhancer region. (Fig. 1A) . Our results indicate that the 1-kb MCK region alone exhibits skeletal muscle-specific activity at a level equivalent to that of the 206-bp enhancer linked to the basal promoter. However, when the 206-bp enhancer is combined with the 1-kb region, the resulting transcriptional activity in both skeletal and cardiac muscle is greater than that of either region alone (Table 1; Fig. 2) . Interestingly, transgenes containing the 1-kb region alone or the enhancer linked to the basal promoter exhibit roughly 10 3 -and 10 6 -fold variations in expression levels whereas variation of CAT activities in the 1256MCK-CAT data set is only about 200-fold. This suggests that combination of the enhancer and the 1-kb region reduces the effect(s) of site of integration on transgene expression.
DISCUSSION
These results suggest that MCK sequences in the 1-kb region (bp Ϫ1020 to Ϫ118) contain skeletal muscle-specific elements that act independently as well as in concert with enhancer elements. The MCK 1-kb region does not exhibit transcriptional activity in cardiac muscle independently but appears to contain some cardiac muscle-specific elements that contribute to transcriptional activity when the enhancer is present. The transgenic-animal results differ from cell culture analysis in skeletal myocytes in which the 1-kb region is not required for full activity of the MCK enhancer and has only about 2% of the activity of 1256MCK-CAT, which includes the enhancer (2). However, they are in agreement with results from cultured primary cardiomyocytes, in which both regions are required for maximal transcriptional activity (2) .
Activity of MCK enhancer sites in transgenic mice. The activities of several sites in the MCK enhancer-the right E box, CArG site, and AT-rich site-were examined in transgenic mice. These DNA motifs were targeted because they reside in the control regions of many muscle-specific genes and have been shown to be binding sites for trans-acting factors in gel shift assays. Furthermore, mutations in these sites resulted in the largest relative decreases in expression of MCK constructs in either cultured cardiac or skeletal myocytes (2) .
Mutation of the MCK enhancer CArG element, a potential binding site for serum response factor (36, 56, 68) , had no dramatic effect on transgene expression in either adult cardiac or skeletal muscle. Although it is possible that a conserved CArG consensus sequence at nt Ϫ177 compensated for the mutation of the enhancer CArG element, this compensation clearly fails to occur in cultured muscle cells, in which the same mutation in the enhancer CArG site produced a loss of transcriptional activity in both cardiomyocytes and skeletal myocytes (2) . The activity of 5Ј-flanking sequences of the rabbit MCK gene, as measured by direct DNA injection into adult rat hearts, suggested that the promoter region which includes this CArG site exhibits activity in heart muscle (69). However, under those experimental conditions, the enhancer appeared to exhibit no cardiac muscle-specific activity at all. This finding is in contrast to the results of this study and our earlier transgenic analysis (30) in which the mouse MCK enhancer is required for expression in adult mouse heart muscle. Results from this transgenic-mouse study suggest that even though CArG sites have been implicated in the transcription of other muscle-specific genes (36, 41, 43, 52) , the CArG site in the MCK enhancer is not a critical regulatory element by itself in either adult cardiac muscle or thigh skeletal muscle.
The right E box in the MCK enhancer is critical for expression of MCK constructs in cultured skeletal myocytes (2, 3, 8, 9, 24) and has been shown to be a binding site for heterodimers of the myogenic bHLH factors (34, 44, 45, 73) , including MRF4, which is the predominant myogenic bHLH factor in adult skeletal muscle (54) . The adjacent left E box also exhibits transcriptional activity in skeletal and cardiac muscle cultures (2); however, it has functional and binding properties that are distinct from those of the right E box (3) and cannot compen- sate for mutation of the right E box in cultured cells. To test the activity of these E boxes in vivo, we examined the activity of transgenes with a mutation in the right E box alone or concomitant mutations in three E box sites: the right and left E boxes and a conserved E box at nt Ϫ249. All of the transgenes carrying E-box mutations exhibited wild-type levels of activity in adult skeletal muscle. Activities of the E-box-mutated 1256MCK-CAT transgenes were greater than those of transgenes consisting of the 1-kb region alone or the enhancer linked to the basal promoter, suggesting that the right E box alone or in combination with the other two E boxes cannot account for the synergistic activity of these two regions. Mutation of the right E-box site alone also had no significant effect on transgene expression in cardiac muscle. The myogenic bHLH factors (MyoD, Myf-5, myogenin, and MRF-4) are key regulatory factors in muscle differentiation (for reviews, see references 17, 50, and 72). Analyses of other muscle-specific genes in cultured muscle cells have shown that E-box sites, which bind the myogenic bHLH factors, often appear to be required for muscle-specific transcription (6, 10, 18, 37, 38, 53, 57, 62, 71) , although in many other cases they are dispensable (40, 47, 66) . However, few of these E-box sites have been mutagenized and analyzed in transgenic mice. Transgenic-mouse analysis showed that both an E-box site and an AT-rich sequence are required for proper expression of the myogenin gene in developing mouse muscles (77) . Analysis of the MyoD promoter, however, indicated that mutation of three conserved E-box sites in the distal enhancer region has no apparent effect on embryonic expression in transgenic mice (19) . A transgenic-mouse analysis of the cardiac myosin lightchain 2 gene concludes that mutation of an E box exerts only a minor negative effect on ventricular expression of that gene (35) ; however, the role of an additional E-box site, which is important for transcriptional activation in cultured rat ventricular muscle cells (48), has not yet been examined in transgenic mice. Thus, in a number of cases, the functional importance of E-box sequences appears to depend upon their gene context. Further regulatory studies of these genes in transgenic animals may disclose yet other determinants of E box function.
What could account for the difference between the critical role of the MCK E boxes in cultured muscle cells and their apparent lack of function in vivo? First, our transgenic-animal data represent steady-state expression levels in an adult muscle environment and do not exclude the possibility that these E boxes play important roles under other physiological conditions. Second, data from virtually all skeletal muscle culture studies may more closely reflect the developmental program of MCK gene activation, since in transient-as well as stabletransfection studies, cells are harvested for CAT assays within several days of being induced to differentiate. Similarly, cardiomyocytes cultured from 2-day-old rats used in the cell culture assays represent a different developmental time point from adult heart muscle. This difference between the experimental systems may be especially important for the evaluation of E-box site activity because the myogenic bHLH factors are expressed in different relative amounts in developing muscle and in different adult skeletal muscles (26, 58, 70) . To address this issue, MCK transgenes could be assayed in developing muscle of embryos when myoblasts are known to undergo early stages of differentiation. Preliminary analysis of fetal and postnatal mice, however, showed no evidence of altered transgene expression in developing hindlimb muscle as a result of mutation of the right E box (16) . Third, quantitative differences in transcription factors may occur when cells are cultured, as has been observed for some other binding factors (76) . Consistent with this idea, a recent study of the myosin light-chain 1A gene reported that mutation of an E box had a less dramatic effect in primary mouse skeletal muscle cultures than in the C2 or Sol8 muscle cell lines (10) . In addition, most skeletal muscle cell lines, including the MM14 line used in our cell culture analyses, are derived from satellite cells, which may be phenotypically distinct from other skeletal myoblasts. The apparent lack of function of the conserved MCK E boxes in thigh skeletal muscle suggests that in this adult mouse muscle type, other tissue-specific or ubiquitous factors are more important for steady-state expression of the MCK gene. However, while the three conserved MCK E-box sites are not required for expression in thigh skeletal muscle, they do play roles in cardiac muscle as well as in certain other adult skeletal muscles (61) .
MCK enhancer AT-rich element. The AT-rich site (TTATA ATTAA) has been shown to contribute substantially to activity of the MCK enhancer in both skeletal and cardiac muscle cell cultures (2) . Mutation of the AT-rich site caused a dramatic loss of activity in transgenic thigh skeletal muscle (Table 1 ; Fig. 4A ), resulting in an activity level similar to that of the 1020MCK-CAT transgene, which lacks the MCK 5Ј enhancer. However, and in contrast to results from cultured cardiomyocytes (2), the AT-rich element does not appear to be as critical for expression of the 1256MCK-CAT transgene in adult transgenic cardiac muscle (Fig. 4B) .
This suggests that an intact AT-rich site is a major requirement for steady-state activity of the MCK enhancer in thigh skeletal muscle. The MCK AT-rich site has been shown to bind at least three factors in in vitro assays: MHox, MEF-2, and Oct-1 (1, 13, 14) , and experiments involving the mouse C2 skeletal muscle cell line suggest that MEF-2 is the factor which mediates its transcriptional activation (14) . Because the ATrich site in the MCK enhancer exhibits such complex binding properties, it seemed critical to examine its activity in whole muscle tissues, in which subtle differences in the relative amounts of these different factors might be more crucial. Such subtle differences may explain why mutation of the MCK ATrich site exhibited a significant effect in cultured newborn rat cardiomyocytes (2) but not in whole adult transgenic mouse heart muscle (Fig. 4B) . The MCK enhancer also contains a MEF-2 site (TAAAAATAA), located 3Ј of the other enhancer elements, which is bound in gel shift assays by some of the same factors which recognize the AT-rich site (14, 25) ; however, the MEF-2 factor exhibits preferential binding to the MEF-2 site over the AT-rich site (14) . In addition, our results with transgenic animals suggest that the presence of the enhancer MEF-2 site does not compensate for a mutation of the AT-rich site. The importance of the AT-rich site does not exclude the possibility that other enhancer elements function to a lesser extent or interact with the AT-rich site to produce the full transcriptional activity of the MCK enhancer.
Muscle specificity of MCK transgenes. All of the MCK-CAT transgenes examined in this study, with the exception of the basal promoter 117MCK-CAT construct, were expressed in a muscle-specific manner. Transgene activity in liver tissue was typically several orders of magnitude lower than activity in skeletal or cardiac muscle. This observation is evidence that the transgenes examined are not exhibiting activity as a result of fortuitous integration into active chromatin sites. Furthermore, since none of the mutations or truncations of MCK 5Ј-flanking sequences produced greater activity in liver tissue, this study offers no evidence of transcriptional repressor sites present in the MCK 1,256-bp 5Ј region. Mutation of the ATrich site did, however, result in a loss of activity in liver (compare liver activities of 1256MCK-CAT and 1256[A/T mut] MCK-CAT in Table 1 ). This difference in expression was confirmed by statistical analysis (P ϭ 0.006 by the 2 and Fisher exact tests). Binding of ubiquitous factors to the MCK AT-rich site, as has been observed in gel shift binding studies (1, 15a, 25) , may contribute to the extremely low-level expression from the bp Ϫ1256 to ϩ7 MCK gene fragment in nonmuscle tissues. A number of tissue-specific gene-regulatory regions exhibit properties in transgenic tissues different from those in cultured cells from the same tissue types (4, 5, 15, 32, 33, 64, 65) . This is not surprising, because in transgenic mice the introduced genes are integrated in chromatin during embryogenesis and exposed to a normal array of physiological signals. Transgenic analysis of the mouse MCK gene presents a significantly different picture of the activity of 5Ј-flanking sequences, especially enhancer elements, from that suggested by the results of transient-transfection assays in cultured muscle cells. These differences cannot be easily explained by some of the technical differences between the two experimental systems. For example, integration of the transgenes into chromatin does not seem to produce these effects, because MCK constructs exhibit the same activities in stably transfected muscle cultures as in transiently transfected cultures (21) . Rather, the differences we observed between transgenic and cell culture analyses probably reflect multiple mechanisms for transcriptional regulation of the MCK gene depending on the repertoire and concentration of available transcription factors. This, in turn, is dependent on the developmental and physiological state of muscle. Transcriptional regulation of muscle-specific genes involves a complex array of muscle-specific and ubiquitous factors which may be affected by a range of physiological signals. In vivo analysis of gene-regulatory regions is thus essential for understanding mechanisms of gene regulation in different muscle contexts.
